g ‘“+oF BXREAHERYNTE
E MEENSBEHS SHEES

1 B P 5 P A A R

PR e i S W

Satellite Attitude Measurement
and Determination

adkeE HIIE O i

g“: @A
National Defense Industry Press



Bk HHE RWE

LLEEL BT ¢33

A S E
Jl % o % ey )x“ == e
Satellite Attitude Measurement and Determination
B

Introduction

Fundations

Attitude M and Determination for Spinning Satellites

Attitude M, and D ination for Three — axis Stabilized Satellites

State Estimation Methods for Satellite Attitude Determination
Modeling of Gyros in Attitude Determination
Applications of Kalman Filtering in Satellite Attitude Determination

Satellite Attitude Systems Design

Sﬂk N B W

National Defense Industry Press



B $7ERR% B ( CIP) £
TEESWRSHE / BiRE, FAERE. —L5t:
] B ol Hi hiet,2013. 7

(R ER T 3 AL S HE R AS)
ISBN 978 -7 - 118 08805 -2

I. DF...

I. D8... @F... I. OBPEES -
g V. @QVv4ds.22

o [ R AR R 454 CIP B (2013) 5 152956 5

IEESNBEWE

o E & BRE EWE

A E OB

WO %k 47 E R Tk S REE (010 - 88540717 010 -88540777)
M hE M 4w JbEUTHMEIE X ATBL R B 23 5100048

% # FEH

Ep Rl b R A ED R A PR STE A F

IF A 710 x960 1/16

E ik 1834

Ep ¥ 1 -2500

F 277 TF

BROER Yk 201347 A1 RRER 1 KEDRI

JE #r 86.00 Jo (AP anA EPREEHR , R TR #R)



BEH

7 i B B R B B R & 5 Bh AR

= B k- P 43 HH AR A R R B R B o i — N E B . 55
Bt ] 43 B 2 s A AR B — R 4, SR B Bl R B B B AR
AT et FE B B A AR R A R L R R, I a3 S B SCRA A
REHSCAR B, SR U AR A, B R B BB 0 55 1 45 B0 i i, S B
B TZTF 1988 SEAIPE B4Rk & 3K, oL B By AL 52 A 45 iR , B
WHERS, FE HEHREGR R ERE S,

E R R E B HE S TR RE:

1. 7 PR F BRI , EARK PR, ARA AL, 727 E RSk
Hifor B At A 2 B8 TR B A TR BOR BRSO T A SRR A N AL
£

2. FARBAEFH, WAERMAK A, N E B R MR AR & R R EA B
KAESNERIN &3 B4 & B AR SRS TEZER R I
ENZE: R

3. AEEREARMAE I RERNE, B4 E BRI R
R AT EN LZ R NENEE,

4. SEA AT E AR U 2 B I BA E30 RRR  E 55 A R R
GERHR R,

B B - 1 43 R VP R A T B R A R TR T T R AR,
BUHEAR AR B 5 R 7 1, P 32 B A R S R R, v R B Y PR S A

> 005
|



YT Bh &R, LA K IS s BUNE e Bh %% . ZIFH A FRBIE S, &
25 45 I 9l R 310 o

HpiRH LB 288 T 2408 B s, PR EBEREEID
AL 2 Rk, B R G B R B R A . 78 B TR A BT 3
TR EA TZRERHRES SRR R B E B, X —TAEA R
TR A2, 2 Sonh R fo B A B I 43 9 L R B R B R B L Y
R NNEEE

WL MRS R — Y, RO R TR —Ti ., Wi, ¥
AR BN BUR A 45 0 B it St , SR, A RE G PR A 2
EREHERMBEE. FF TEEREEBRHEMRERSBRRE
KB THEE LR B8, U R S& TR HIE F,

IERATER TR, HHE B & P R SR 3L [F] 4y} !

Ep R E B HREE
WHERS



1] B o 45 1l 43 H o it <
oL PR R B 2 4Ll b

FREZER
BEEZER
B # K
B & F K

ER

TRER K

R (HERKELEEBHF)

7R

7
HE A
& %
W
MR &
&k

45 9
P %o
HEH
AR
& -F

ERIY:
HLAK A
FER
X5 &
AT &
Al

IAH
x| e
F il
R Ak
A RAL
&R

\

HX %
A&
FiE%
Y
FER

=007
|



CCHUR o Fn S o ) S SRR S )

7] i8]
FEZER

BEEER
(AT EH)

M BhREZ

BAAL* EEET REALT

- ER (REEKEEHF)

LrE %

# I B I H EITA*

EBRA % At BART MEE K
RE O NER* WEAR O M £ %
#=FH &dm X F ORHE gLk
aEE FEA FHRE O FR4LET FEHE
wmht% %k %X % ZEET RXA%
RERT KSF KX A KA KA
KEH  KAR* BFE O KRIE*Y KUK

=009



HRE* mak A F AR%E  BHEK
EWF T BSE REX B ETH
A HEx EXER BRE K F7
$OF  EAE K KT ERE S
wEx  EFE REAC H oM HSWC

BEEER (RUKRZEBHF)
ik HEFH X

KXE MERE* A £ F#EAR &P
Wk AR BT = B A 7 F Kam ™
A

& XEET XAE

B H & 4 Tesk #£EBFH FEF X I

010
0



fii K 4% (Spacecraft) RFETEHIR K E SN FH S E (KZE) , %8
RE S REREBT, PATRR FFRBA AR E R REEREEFH K
frée, Bl AEHIR T E KAE RS HM 8%, 258 (Guided Missile ) 245
Wl A AT KT B 5 3h 3 B HEdE, A AR R G T 51426 AT
AL, T HAR RATES , ANAREE/ AR 2 B A ET S

MR FHBEARRIRBIEBAR P RREMR, &5 A B EHH
ARZ—o ENTHHILEALKIE S M IR R B K=, Tk RN EF
i S AFISF- ) i 2 (] 04 A BEARAE AR AR R A T IR E R I AR 4K

15 1 5 # H ( Guidance Navigation and Control , GNC ) J& 5 B K
NP CITHRIREBAR, R UITHEARARERWZLBEARZ —, 2
5 B TR KBV (SR A RBOF 1% R T 5%
ZI T — R RTIE SE X RE AR

HEMRIFNGZ S0 ZENS N, EM RSN RG] T FME5E
Tl AR SUSIRAG TR B, 5B T RSk X A Ry
SR E RS MR R R T ERAER, M B A3 T A S SUEA 74
REHE A RE .

1987 SRR R S MR A F) TR AR E, KR T TEMER
Gt R, B EM KA AR 30 .0 MR KBS E R, 2
ZRMEWHEARTIEEE N EERTY, WG 20 KE, T EHK ST H#
T SIS ERIEARNE TR RHN AR, BUE T I 2005,
X RR ALK AR A2 R ) S L A5 4 ) U T B B O B A
BARMESREIR, FENFTEHRNTE, BRI EHREE H (TR

>011
|



R BRI G AT SRR) AT o A LASEREYE | BB A0 BT 1 B 5T AL
RAE, RETERMATRREEA . XEABAOCRFTEIR H7E
BARK ESS 5 RE, T H A B HEX B8 iS J7 ik MBORTE TR P e L
M, EREEL T 2 BTSSR AR E S S RS E R A
BTSSRt ‘

AN EAE S SRR T AL S BRI R
R T LS ] B R R ROR o

ANBHVEE EZOR B AL AUE MR K MG /RE Tl K% PadL T
Wk EBFRHERAR KR JEE RS LR B TR PR R
FEMZE MR RFEFRHFER, FEMRBERA AR MHEARA TERA
AR RIRBIBSEBE T, LR FHUE BB H R | = A RR R W BoR ™ |
CRATER —ARUER” CBERAR” BRI NERAR FERRE
REEKE, T HRZ ARSI T b A AR S A BRI i BA 4 AL
R MATREA B mMZE S BARBITESR, WA A B B © BT #9818 AL
R, AFE—HMREZXNEFTREAL SR HESZH IR BE R, 85
HYRASPRRF R ERMBTIENE. NS I NERX L L HAD
FEABL TR TR RERSE A E KT L KR R AR
HRBF AR RSE S

AT EEHZAS, FHEET A EREENM T L B
BB L MR BALE L HEA B RB BN W2 b AT A T 1 H -
ARRMNZEHN, WMEANREALMBARTAE LR TREOM. AN
BB T b E A R B & E B A B R S Y B A E B T
b R B R SR o FE I — I 3RR 0 JRRAY !

MEXENB TR E MR AA T A6 F A S AR AT
B v BRI BUR ) TR A A4 BB AR A, i — (R 3 B A K 3l i
T BT ) B R 4 E A

AERES
2010 458 A

012 <
|



DERESEN I EAFESWEMESEH, TENESRAIE
25 8] R B9 75 0L, 38 BT 9 25 R R 16 T E TLE AR PR AR AR R A T
K—SEZEARRBEEBRRES. B THEES, HATENRE
A, ARSI EESHRSRBREAESFEENYHEE, X5 HITHEE
A3, AR HRENESS . DERESHE RN T EH#TEH AR
RAELR

ABURIEPUE TR M RPUE TENE S, TR 4 T LA
B TR YA B AR A AR R, 2 Al 63 A s e DE M =HhiaE L2
RO R T ARRL ) TR BB H KB ILATH E J7 5 AR TR I8 3
T RN THXESHERRENLALE, AHRL AT, H1E
RSN E S EE T BER RS N, TEESE B4 5t
gL, DRERRGERARMBSHET E; 8 2 BN R 5 LS E K
SE AR AR, E RIS A R VESHRE A BRI =/ 5[
W58 3 AL 4 TAHET A et e DEM=MEE TERGILRE TH
W B R i B A T R B B 0 TR A R T R S B AR
REFASED] 56 S EAR T ERTREMITHESHET &, EEAHF/RE
(Kalman ) 835 i 5 28 R CHAE o 5 58 6 T/ L BHE R G R B FE
RIRZE LTy 1, T 45 B SE PR P SR AR HEAT T AR B A SO HU X IIE,
AW E KR LS ER R RO L i ER IR MR R . 587 FhN
BTETRREWE T EAETRRGEPRN; 2 8 B4 4 Al E
TEM=MRETDE, S THMESIE 55 EREN LR,

A4 TR LS & 55 E TR i ZER PSR B 4R, 2R

>013
{



#HNFE TR RGO A TRLERN LK S48, BER T1EE NHH R
B G TAE L HER MBS b BEE DR ESHER AN LR, ES
W S5HEEMKXIBEZENBHEMR S, BENMEEAE2H ARG
N ADELESNE SHELARNFAAR L ZFRER B, MXEANET 2
AR BERT D ETH Y L. A 20 42 90 FARA 5+ B KH o
AR — ELAE A B 2 (A1 B AR 5 e A At R AR i 7 AR A TL R S 25 i
S R, Z RIS A TR ARN BRI, BT, EA
TR W% B R B B S LR X i AT T E

AR LS LAY E, REHNT AT EESNE 56 E
JFERAT . 2P ARBEFH, AR BRI, 2B A TR+
A9 GE SIRFRPT IR, K AE L VT RIE. FEESNE
B ETARANUURR T TER , & o] #e) T HAMATKAS . A B
LIMER TS , B T AR SRR B AN RS E

ALK MESRPRE T I aEH TR RE &R+ e
EMRKE B EMEHRFLRNNET, A HRF P ESEEAD B E
ER AL EME MR KA R RBERF R, IFRE THLSERENL,
TEMCEBR YNNI . V3 A By 5 1A 5 H 2 A0 1 B Tl ) R
EAB BRI R T H TR . RERHEFABREIRPIESR
TR SRR B AT

BERRMREARWRE KR, TELESMESHERARBEZ F
B, BT 9E KPR, ERFAEAZMERZAL, BT KAT. &
HAFHRIE

1&&
2013 4£2 A

014<
i



I

CONTENTS

F1EFE %Zip 1 | Chapter 1 Introduction 1
1.1 Satellite Attitude Control System 1
N
1.1 DBEESEHRS 1 1.2 Attitude Measurement and Determination
1.2 EEXNERFESE 3 Methods 3
1 AR 6 | 1.3 Satellite Attitude Sensors 6
3 DEESEUES 1.4 Functions and Significance of Attitude
_1- 4 %%ﬁ?ﬂﬂ%ﬁ e IVER R E X 17 = Measurement and Determination 17
Fg25F EHmmin 21 | Chapter 2 Fundations 21
2.1 MAFREN RS 21 2.1 Coordinate Definitions and
Transformations 21
11 RIRRES 21
%) ;lé&i?ﬁ)( 2.1.1 Coordinate Definitions 21
2.1.2 RRZEREBCCR 23 2.1.2 Coordinate Transformations 23
2.2 EEMR 25 | 2.2 Atitude Descriptions 25
2.2.1 FHLEER 25 2.2.1 Direction Cosine Matrix 25
2.2.2 Bkirkh/fast Vi 2.2.2 Euler Axis /Angle 27
2.2.3 ERfaR 31 2.2.3 Euler Angle Rotation 31
= 2.2.4 Quaternions 35
2.2.4 & 35
% mllmjc& 2.2.5 Rodrigues Parameters 40
L2 5_ Rodrigues 2% 40 2.3 Basic Theory of Spherical Trigonometry 41
2.3 BRTH =FAEAAIR 41 2.3.1 Basic Concepts and Characteristics
2.3.1 BEREAEAE SRR 41 of Spherical Trigonometry 41
2.3.2 RESANEALR 43 2.3.2 Basic Formula of Spherical Triangle 43
$3F HEBEIEES Chapter 3  Attitude Measurement and
NESHE 45 Determination for Spinning
3.1 HRTESERRMRN Satelltes “
R 46 3.1 Attitude Sensors for Spinning Satellites ~ 46
311 KRR 46 3.1.1 Sun Sensor 46
3.1.2 LAMEEREURSE 47 3.1.2 Infrared Earth Sensor 47
3.2 SEERIIE 43 3.2 Measurements of Reference Vectors 48
_ 3.2.1 KM ORI 49 | _ 3.2.1 Meausurement of Sun Vector 49

>015
|



3.2.2  RJETHT I o B 51 3.2.2 Measurement of Geocentric 5
Vector
3.2.3 Rz A g 55 3.2.3 Measurement of LandMark
3.3 ERERT LA B E ik 57 Vector 55
- 3.3 Geometric Determination Method for
3.4 KM - Ry AEBHE Spinning Axis Orientation 57
By 63 | 3.4 Attitude Determination Algorithms with
Sun and Geocentric Vectors 63
3.4.1 HFEHRGE 64 3.4.1 Right Ascension and Declination
3.4.2 FH&EEE 66 Method 64
3.4.2 Direction Cosine Matrix Method 66
3.4.3 MREEA2MEE 3.4.3 Attitude Determination Algorithms
Bk 67 with Insufficient Measurements 67
3.4.4 Attitude Determination with
3.4.4 BTLSMEIRERRS Differential Values of
KRESHBEHE 69 the Earth Width 69
3.5 Geometric Constraint Conditions of
3.5 = 71
BEEH AR Spinning Satellite Attitude Determination 71
3.5.1 PWEEEE 74 3.5.1 Measurement Density 74
3.5.2 HHXkf 4 3.5.2 Related Angle 77
3.5.3 Geometric Constraint Conditions 79
3.5.3 EEHEJLIATRRH 79 3.6 Geometric Attitude Determination
3.6 TR HEMEHNESHE Procedure for Spinning Satellites 79
3.7 Application of Spinning Satellite
Uufrgee) 22 ,79 Attitude Determination 81
3.7 PR HIERRAHE L6 81 3.7.1 Introduction to Satellite Control
System 81
3.7.1 BEEHRENEA 81 3.7.2 Attitude Determination
3.7.2 EAWEIEHN BN 83 Implementation Results 83
F4E -HEEIELETNES Chapter 4  Attitude Measurement and
WE 85 Determination for Three-axis
41 ZHBELESEKRMEN B 8
R 85 4.1 Attitude Sensors for Three-axis
i 1' A 25 Stabilized Satellite 85
i 4 4.1.1 Infrared Earth Sensor 85
4.1.2 SERRURE 89 4.1.2 RF Sensor 89
4.1.3 MEEESHBE 93 4.1.3 Inertial Measurement Unit 93
4.1.4  KFRBURES 97 4.1.4 Sun Sensor 97
4.1.5 BEHURN 99 4.1.5 Star Sensor 99
4.1.6 FEIMEURSS 100 4.1.6 Ultraviolet Sensor 100
4.1.7 HREBEEHURS 101 4.1.7 Earth Magnetic Field Sensor 101
4.2 BEEENE 104 | 4.2 Measurement of Reference Vector 104
4.2.1 RIEFEHIE 104 4.2.1 Measurement of Geocentric Vector 104
4.2.2  KPFEFT A A TR 104 4.2.2 Measurement of Sun Vector 104
4.2.3 BXITrmE 106 4.2.3 Measurement of Star Vectors 106

016 <<
i



4.3

4.4

4.5

4.6

4.2.4  HbRES 5 I 0 B

4.2.5  FTEREAFHRIT AT i

4.2.6 R¥ESHIT AN E

PR =RESE

MR B LA 7

4.3.2 WREHEESN
W BE

4.3.3 FEFRAFAMIRE
BEWE

4.3.4 (RILARBE

4.3.5 FETREHURSSIER
BHE

4.3.6 F GPS HyiE LR =MES

4.3.7 T QUEST =&
W H Ik

4.3.8 FIHPLUEFZ BWETE
=HES

TR =R L 0 S

R TR % 3t

=S K E

HyBR[F] 25 3 T TR X 3t

=B A E

T HbBR i 3R 0 R LT 51 K

RS A

LT 41 3t BRAURAS B HER

WA AR E B TE

4.5.2 LIS bBREURES
WEEBIE

=hhiRE TR IUTE BT R

4.3.1

4.4.1

4.4.2

4.5.1

107
108
109

112

112

113

114
115

121
123

125

127
130

130

137

140

140

144
147

4.3

4.4

4.5

4.6

4.2.4 Measurement of Earth

Magnetic Field Vectors
4.2.5

Measurement of
Radio-Marker Vectors
4.2.6

Measurement of Inertial
Reference Vectors
Three-Axis Attitude Determination

for Satellites

4.3.1 Double-vector Attitude
Determination Algorithm
Attitude Accuracy Evaluation
for Double-vector Attitude

4.3.2

Determination Algorithm
Attitude Determination with
Sun and Geocentric Vectors

4.3.3

Observation
Satellite Yaw Angle

Determination

4.3.4
4.3.5 Attitude Determination with
Star Sensor Measurement
Attitude Determination with
GPS Data

QUEST Algorithm for Three-
Axis Attitude Determination
Attitude Determination with
Gyro Compass System
Applications of Satellite Attitude
Determination with Geometric
Methods
4.4.1

4.3.6
4.3.7

4.3.8

Attitude Determination for

Medium and Low Orbit

Satellites

4.4.2 Attitude Determination for
Synchronous Satellites

Correction Algorithms of Scanning

Horizon Earth Sensor for Earth

Oblateness

4.5.1 Mathematical Model of
Attitude Correction

4.5.2 Measurement Correction of
Scanning Horizon Earth
Sensor

Geocentric Attitude Determination

Procedure for Three-axis

Stabilized Satellites

107

108

109

112

112

113

114

115

121

123

125

127

130

130

137

140

140

144

147

>017
|



HE5E KA Em&ﬁﬁﬂ' 149 Chapter 5 State Estimation Methods for
Satellite Attitude
5.1 #ER 149 Determination 149
5.2 BTl 158 5.1 Introduction 149
5.2 Least Squares Methods 158
5.2.1 HtAbEE BN ek 158 5.2.1 Batch Least-Squares Methods 158
: b 5.2.2 Recursive Least-Squares
5.2.2 BRI/ _Fy: 159 ina 159
5.3 ‘/ANJTEMT 161 | 5.3 Minimum Variance Estimation 161
5.4 B¥ER/INTEAMT 162 5.4 Linear Minimum Variance Estimation 162
5.5 Orthogonal Projection 164
5.5 IEX®E 164 | 5.6 Kalman Filtering Methods 169
5.6.1 Filtering Definition 169
3.6 FRBEB 169 5.6.2 Derivauin of Kalman Filtering
5.6.1 JRBLHIE L 169 Equations 170
5.6.2 ERBERFENES 170 5.6.3 Kalman Filtering General
Equations 179
5.6.3 F/REBEHE—BHTE 179 5.6.4 Kalman Filtering for Linear
Systems with Colored Noise 181
5:6.4 FREBBERCMS 5.6.5 K);lman Filtering for nonlinear
KRG P HIRLA 181 Systems 183
5.6.5 ERBIEIELEES 5.7 Decentralized Filtering and Federal
Filtering 188
RGP RI N A 183 | 5.8 Serval Concepts of Attitude
Measurement System 189
5.7 SYHEEC S BRI B 158 5.8.1 Observya.bility and
5.8 RIESHILMES 189 Controllability of
Attitude Measurement
5.8.1 RMRGHEREER oot o
BEg 189 5.8.2 Stability Criteria of
Filtering Systems 191
5.8.2 WHRGEMBENE 5.8.3 Observability Index and State
FHE 191 Estimation Accuracy of
Attitude Measurement
5.8.3 BARGHREMER Systems 193
AR T R 193 5.8.4 Observability and Observability
Index of Systems with Redundant
5. 8 4 JUREN 5EEMEE 193 Measurements 193
Fo6E ZEXWEPRRPCEE Chapter 6 Modeling of Gyros in
- Attitude Determination 195
IREER 193 6.1 Introduction 195
6.1 #id 195 | 6.2 Modeling of Fiber Optic Gyros 197
6.2 HLRCIBREHLIR 197 6.2.1 Measurement Characteristic of
5 Fiber Opti 197
6.2.1 JELFREMRMRERE 197 6.2.2 Ef,fr n(/)lﬁ:isl(f;oyrm Fiber Optic
6.2.2 SELFFERAIRAIER 199 Gyros 199

018<<
i



6.2.3 Allan £ 202 6.2.3 Allan Variance Method 202
6.2.4 (HEMHF 204 o3 ?AZd‘:- Silfnzlatio;l Anﬂl}’Siih 204
— g i S . odeling of tloated gyros wi
6.3 =IFIEIRREYLIR M 207 gas and magnetic suspension 207
6.3.1 BEYLIREEREK 208 6.3.1 Random Error Model 208
3.2 6.3.2 Identification of Model
6 ARV BHERBUT R 210 10
¥ Parameters
6.3.3
HARIE 213 6.3.3 Model Verification 212
6.3.4 {HMT 212 6.3.4 Simulation Anslysis 212
_6- 4 PRIBARARLBHERCERER 214 6.4 Iterative Equations of Gyro Model 214
% 7 E fﬁzgﬁgiﬁﬁﬂgﬁﬁ Chapter 7 Applications of Kalman
Filtering in Satellite Attitude
v 218
TE IR A Determination 218
7.1 218 | 7.1 Introduction 218
7.2 Attitude Determination for
7.2 1E 15 = 219
RER e S| DR b e Spinning Satellites 219
7.3 EFKFH - R ERN = 7.3 Three-Axis Attitude Determination
ith Geocentric Vector and Sun
3 & 221 it
LR S SRR Vector Observation 221
7.4 HETESISINERN =4 7.4 Three-Axis Attitude Determination
& * 2 with Star Sensor Measurements 228
e LREEWE IR - 7.4.1 Extended Kalman Filtering
7.4.1 ETFVRBEREEKN for Attitude Determination
& 208 with Star Sensors and Gyros 228
B 7.4.2 Attitude Determination for
7.4.2 BAFFABNRIRZER Measurement Data with
% 233 Low Frequency Errors 233
Ramz 7.4.3 Nonlinear Robust Kalman
7.4.3 ETIRAMERIBIN Filter for Satellite Attitude
BARE 243 Determination 243
E8E IEXTMERZMZI 253 Chapter 8 Satellite Attitude Systems
8.1 AMERETDEMES Inexigh et
8.1 Attitude Determination System
e R4 253 Implementation for Spinning
8.2 =EIAARETDEM Satellites 253
8.2 Attitude Determination System
KEWERG 257 Implementation for Three-Axis
8.2.1 TDEEAHERS Stabilized Satellites 257
8.2.1 Configuration of Satellite
L 260 Attitude Determination System 260
8.2.2 On-Board Attitude
&
8.2.2 HEREEHEE Determination Methods
&Sl 261 and System Implementation 261
8.2.3 Ground-based Attitude
8.2.3 M EASHE T Determination Methods and
RS H 267 System Implementation 267
SE 3Tk 271 i References 271

>019
|



